Objective-The proprotein convertase subtilisin/kexin type 9 (PCSK9) gene encodes a proprotein convertase that causes degradation of cell surface low-density lipoprotein receptors (LDLRs). Mutations in the PCSK9 gene that disrupt the normal function of PCSK9 could therefore result in increased number of LDLRs and hypocholesterolemia. Also, the cholesterol-lowering effect of statins could be increased in subjects carrying mutations in the PCSK9 gene. Methods and Results-We have screened 38 unrelated hypocholesterolemic subjects as well as 25 unrelated familial hypercholesterolemia (FH) heterozygotes who responded particularly well to statin therapy for mutations in the 12 exons of the PCSK9 gene by DNA sequencing. Six of the 38 (15.8%) hypocholesterolemic subjects were heterozygous for 1 of the 3 mutations R46L, G106R, or R237W in the PCSK9 gene. In the group of 25 FH heterozygotes who responded particularly well to statin therapy, 3 (8.8%) were heterozygous for mutations R46L or N157K in the PCSK9 gene. None of 441 hypercholesterolemic subjects without mutations in the LDLR gene or in the apolipoprotein B-100 gene possessed any of the 4 mutations.
T he proprotein convertase subtilisin/kexin type 9 (PCSK9) gene encodes a protein of 692 amino acids, which is a proprotein convertase of the subtilase family. 1 It is synthesized as a soluble zymogen that undergoes autocatalytic intramolecular cleavage in the endoplasmic reticulum. 1 Any other substrates for PCSK9 have not been identified so far. Even if the substrate for PCSK9 has not been identified, it has been well-documented that PCSK9 plays a role in cholesterol metabolism by regulating the number of cell surface lowdensity lipoprotein receptors (LDLRs). [2] [3] [4] The promoter region of the PCSK9 gene contains a sterol regulatory element and transcription is regulated by the intracellular cholesterol level. 5, 6 Overexpression of the wildtype PCSK9 gene in mice results in hypercholesterolemia caused by reduced number of LDLRs. [2] [3] [4] Reduced number of LDLRs has also been observed in cultured cells overexpressing PCSK9. 3, 4 The observed reduction in the number of LDLRs is dependent on maintained catalytic activity of PCSK9 3, 7 and is not accompanied by changes in LDLR mRNA levels. 2, 3 Thus, PCSK9 is apparently involved in the post-transcriptional regulation of the LDLRs, but the exact mechanism by which PCSK9 increases the turnover of LDLRs remains to be identified.
If the normal function of PCSK9 is to reduce the number of LDLRs, one would expect mutations in the gene to result in increased number of LDLRs and thereby cause hypocholesterolemia. In line with this notion, nonsense mutations in the PCSK9 gene have been identified in patients with low levels of plasma cholesterol caused by an apparent "loss of function" of PCSK9. 8 In the study of Cohen et al, 8 nonsense mutations Y142X and C679X in the PCSK9 gene were each found in 1 of 128 subjects with low plasma levels of low-density lipoprotein (LDL) cholesterol. Subsequent screening of 3553 subjects from the Dallas Heart Study revealed that mutations Y142X and C679X were found in 7 and 26 subjects, respectively. Apart from 1 European American and 1 Hispanic carrying the C679X mutation, the remaining 3l subjects were black. 8 The prevalence of Y142X and C679X among blacks in the Dallas Heart Study and in a population-based sample of 850 unrelated blacks from Cook County, Illinois, was 1.8% and 2.2%, respectively. 8 Thus, in the US, Ϸ2% of blacks carry a nonsense mutation in the PCSK9 gene that is associated with low levels of plasma LDL cholesterol. The notion that mutations that disrupt the normal function of PCSK9 cause hypocholesterolemia is supported by the finding of reduced cholesterol levels in mice lacking PCSK9. 9 There are not just data to indicate that mutations in the PCSK9 gene result in hypocholesterolemia through a "lossof-function" mechanism. Several groups have also identified mutations in the PCSK9 gene as the cause of hypercholesterolemia that has been ascribed to a hitherto unknown "gain-of-function" mechanism. 10 -13 The functional domains of the PCSK9 gene are shown in Figure 1 .
The most widely used lipid-lowering drugs are the statins. These drugs act as competitive inhibitors of 3-hydroxy-3methyl glutaryl coenzyme A (CoA) reductase, leading to reduced endogenous cholesterol synthesis and subsequent upregulation of LDLRs through the sterol regulatory element binding protein (SREBP) pathway. 14 Statins also upregulate the PCSK9 gene through the SREBP pathway resulting in a post-transcriptional downregulation of the LDLRs. 15 Thus, statins activate a pathway that leads to both upregulation and downregulation of the LDLRs. Patients carrying mutations in the PCSK9 gene that disrupt the normal function of PCSK9 could therefore respond better to statin therapy because of reduced downregulation of the LDLRs. This notion is supported by the studies of statin therapy in mice lacking PCSK9. In the study of Rashid et al, 9 administration of standard chow supplemented with 0.2% lovastatin to PCSK9 knockout mice resulted in a reduction in plasma cholesterol of 20.6%. This reduction was significantly greater than the corresponding reduction of 12.1% observed in wild-type mice. Thus, mutations in the PCSK9 gene that disrupt the normal function of PCSK9 may not only cause low levels of LDL cholesterol but also may increase the lipid-lowering effect of statins.
In this study, we have screened healthy hypocholesterolemic subjects for mutations in the PCSK9 gene to provide more data on the role of mutations in the PCSK9 gene on cholesterol metabolism. To study whether mutations in the PCSK9 gene could affect the response to statins in humans, we have also performed mutation screening of the PCSK9 gene in familial hypercholesterolemia (FH) heterozygotes with extraordinarily good response to statin therapy.
Materials and Methods
This study involves 4 groups of subjects (Table; Additional information about the subjects is available online at http://atvb.ahajournals.org). The 38 unrelated hypocholesterolemic subjects had a mean value for total serum cholesterol Ͻ4.0 mmol/L. The 441 unrelated hypercholesterolemic subjects had a mean value for total serum cholesterol of 11.15 (Ϯ2.58) mmol/L. Nine FH heterozygotes with a particularly good response to statin treatment are referred to as group A responders.
A group of 25 FH heterozygotes who had a reduction in total serum cholesterol of Ͼ60% on statin monotherapy is referred to as group B responders. Please see http://atvb.ahajournals.org for details on mutations screening of the PCSK9 gene and haplotype analysis.
Results

Hypocholesterolemia
To study whether mutations in the PCSK9 gene may cause hypocholesterolemia, 38 unrelated hypocholesterolemic subjects were screened for mutations in the PCSK9 gene by DNA sequencing. As can be seen from the Table, the mean values for total serum cholesterol and LDL cholesterol in this group of patients were 3.35 (Ϯ0.36) mmol/L and 2.06 (Ϯ0.42) mmol/L, respectively. Three different mutations were identified (Table) . Four patients were heterozygous for R46L (CGT-ϾCTT) in exon 1, 1 patient was heterozygous for G106R (GGA-ϾAGA) in exon 2, and 1 patient was heterozygous for R237W (CGG-ϾTGG) in exon 5. Thus, 6 of 38 (15.8%) hypocholesterolemic subjects were heterozygous for missense mutations in the PCSK9 gene.
To study whether these mutations were the cause of hypocholesterolemia and not just normal genetic variants, 441 severely hypercholesterolemic subjects with a mean value for total serum cholesterol of 11.15 (Ϯ2.58) mmol/L were screened for the 4 mutations by DNA sequencing. None of the 441 subjects who were negative for mutations in the LDLR gene and in the apolipoprotein B-100 gene possessed any of the 3 mutations in the PCSK9 gene. The higher 
Age, Sex, Values for Total Serum Cholesterol, High-Density Lipoprotein Cholesterol, Triglycerides, Low-Density Lipoprotein Cholesterol as well as the Number of Subjects Carrying Mutations in the PCSK9 Gene Among Groups of Subjects With Hypocholesterolemia, FH Heterozygotes Who Respond Well to Statin Therapy, and Subjects With Hypercholesterolemia
HDL cholesterol 0.89 (Ϯ0.23) ⅐ ⅐ ⅐ ⅐ ⅐ ⅐ ⅐ ⅐ ⅐ Triglycerides 0.89 (Ϯ0.47) ⅐ ⅐ ⅐ ⅐ ⅐ ⅐ ⅐ ⅐ ⅐ LDL cholesterol 2.06 (Ϯ0.42) ⅐ ⅐ ⅐ ⅐ ⅐ ⅐ ⅐ ⅐ ⅐ Mutations R46L 4/38 1/9 1/25 0/441 G106R 1/38 ⅐ ⅐ ⅐ ⅐ ⅐ ⅐ 0/441 N157K ⅐ ⅐ ⅐ 1/9 ⅐ ⅐ ⅐ 0/441 R237W 1/38 ⅐ ⅐ ⅐ ⅐ ⅐ ⅐ 0/441
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frequency of PCSK9 mutation carriers among hypocholesterolemic patients as compared with hypercholesterolemic patients was highly statistically significant (PϽ0.0001). Thus, it is unlikely that the 3 mutations in the PCSK9 gene were normal genetic variants without effects on cholesterol levels. To further study whether the 3 mutations could be considered the cause of hypocholesterolemia, family studies were conducted to study whether the mutations segregated with hypocholesterolemia in the families. The pedigrees of 5 of the 6 families with mutations in the PCSK9 gene are shown in Figure 2 . No family members of the sixth index patient heterozygous for R46L were available for study.
The G106R mutation in the PCSK9 gene was only found in the Hypo55 family. A total of 9 family members were available for study, of which 4 were mutation carriers. From Figure 2 , it appears that the G106R mutation segregates with hypocholesterolemia in the family.
In the Hypo07 family, mutation R237W seems to segregate with low levels of total serum cholesterol, except that mutation-carrier III:2 had a higher value for LDL cholesterol than his noncarrier sibling (III:1). However, it should be noticed that both carriers and noncarriers in the family had relatively low levels of total serum cholesterol and LDL cholesterol.
The R46L mutation was found in probands of families Hypo34, Hypo47, and Hypo79. Only a few individuals were available for study in the Hypo34 and Hypo47 families. In family Hypo47, the 3 individuals available for study were heterozygous for the R46L mutation, and all of them had LDL cholesterol levels below the 25th percentile. In family Hypo79, 8 family members were available for study, of which 7 were carriers. Three of the family members who were mutation carriers had values for LDL cholesterol below the 50th percentile. The only noncarrier was a 14-year-old girl (subject III:5) with a value for LDL cholesterol of 2.1 mmol/L.
Good Responders to Statin Therapy
In the group of 9 FH heterozygotes who responded particularly well to statin therapy (group A responders), 1 patient was heterozygous for R46L and 1 patient was heterozygous for N157K (AAC-ϾAAA) in exon 3 of the PCSK9 gene (Table) . The N157K mutation was not found in the group of 441 severely hypercholesterolemic subjects. Thus, it is unlikely that the mutation is a normal genetic variant.
The patient heterozygous for R46L (proband in family L2864, Figure 3 ) was a female who was heterozygous for mutation C210G in the LDLR gene. At age 21, she had a value for total serum cholesterol of 12.5 mmol/L. At age 27, she had a 54% lower value for total serum cholesterol of 5.8 mmol/L on simvastatin 40 mg. The patient heterozygous for N157K (proband in family 0465; Figure 3 ) was a female who was heterozygous for mutation N804K in the LDLR gene. At age 42, she had a value for total serum cholesterol of 10.0 mmol/L. At age 43, she had a 51% lower value for total serum cholesterol of 4.9 mmol/L on atorvastatin 10 mg. Thus, 2 of the 9 subjects (22.2%) of group A responders were heterozygous for missense mutations in the PCSK9 gene.
In the group of 25 FH heterozygotes who had a reduction in total serum cholesterol Ͼ60% on statin monotherapy (group B responders), 1 subject (4.0%) was heterozygous for R46L (proband in family T1987; Figure 3 ). This subject was a male who was also heterozygous for mutation P664L in the LDLR gene. At age 39, he had a value for total serum cholesterol of 14.9 mmol/L. At age 45, he had a 67% lower value for total serum cholesterol of 4.9 mmol/L on atorvastatin 80 mg. For groups A and B of FH responders together, 8.8% (3/34) had a missense mutation in the PCSK9 gene, which was not found in a group of 441 hypercholesterolemic subjects.
Family members of the 3 unrelated FH heterozygotes of groups A and B responders who were carriers of mutations in the PCSK9 gene were studied with respect to their mutation carrier status, their cholesterol levels, and their response to statins (Figure 3 ). In family L2684, only the proband was heterozygous for both C210G in the LDLR gene and R46L in the PCSK9 gene. The only other carrier of the R46L mutation in the family was the probandЈs mother (subject I:2). At age 53, she had values for total serum cholesterol and LDL cholesterol of 5.0 mmol/L and 2.8 mmol/L, respectively.
In family T1987, only the proband was heterozygous for both P664L in the LDLR gene and R46L in the PCSK9 gene. Among the 5 family members without FH who were tested for R46L, it is apparent that the 3 subjects with the R46L mutation had lower levels of total serum cholesterol and LDL cholesterol than their siblings. This supports the notion that R46L causes hypocholesterolemia.
The only FH heterozygous family member in family 0465 with available lipid recordings on statin treatment (subject II:5), did not carry the N157K mutation in PCSK9. At age 22, he had a value for total serum cholesterol of 9.3 mmol/L before lipid-lowering drug therapy was started. At age 26, he had a value for total serum cholesterol of 5.8 mmol/L on simvastatin 80 mg. A 38% reduction in total serum cholesterol was therefore observed on simvastatin 80 mg, which is equipotent to atorvastatin 40 mg. 20 For comparison, the FH heterozygous proband in family 0465 who was heterozygous also for N157K had a reduction in total serum cholesterol of 51% on atorvastatin 10 mg. The levels of total serum cholesterol in the 2 FH heterozygotes before lipid-lowering therapy was started, however, were similar. Thus, even though mutation N157K did not appear to affect the level of total serum cholesterol before lipid-lowering drugs were started, it seems to increase the reduction in total serum cholesterol achieved by statin therapy. The proband's 37-year old sister in family 0465 without FH who carried N157K (subject II:3) had low levels of both total serum cholesterol and LDL cholesterol of 3.9 mmol/L and 2.1 mmol/L, respectively. This finding is consistent with a LDL cholesterollowering effect of the N157K mutation in non-FH subjects.
The finding of the N157K mutation carrier among group A responders may suggest that this mutation is a "loss-offunction" mutation. Family studies were therefore also performed in the previously published family 0305, 12 in which the hypercholesterolemic proband was heterozygous for N157K and D374Y in the PCSK9 gene ( Figure 3 ). It is well-known that the D374Y mutation causes hypercholesterolemia. 10 -13 Family studies revealed that the 2 mutations were on different alleles. The proband had values for total serum cholesterol of 11.8 mmol/L before lipid-lowering drugs were started. On a combination of atorvastatin 80 mg and ezetimibe 10 mg, the level of total serum cholesterol was reduced by 64% to 4.2 mmol/L. Low levels of total serum cholesterol and LDL cholesterol were observed in the proband's daughter (subject III:4) and grandchild (subject IV:1), who both carried the N157K mutation but not the D374Y mutation in the PCSK9 gene. The proband's 55-year-old brother (subject II:2), who carried the N157K mutation only, had low levels of both total serum cholesterol and LDL cholesterol of 4.2 mmol/L and 2.0 mmol/L, respectively. Among his 3 daughters, of whom 1 carried N157K, no clear-cut cholesterol-lowering effect of the N157K mutation could be observed. Based on the findings in families 0465 and 0305, N157K probably causes hypocholesterolemia and an increased response to statins in the same manner as the R46L mutation.
In the families shown in Figures 2 and 3 , a total of 46 family members without FH have been studied with respect to the mutation in the PCSK9 gene found in the families. Of these, 28 subjects were heterozygous for one of the mutations R46L, G106R, N157K, and R237W, which might be associated with hypocholesterolemia. The mean values for total serum cholesterol and LDL cholesterol among these family members who were PCSK9 heterozygotes were 4.64 (Ϯ0.83) mmol/L and 2.52 (Ϯ0.58) mmol/L, respectively. These values were significantly lower than the corresponding values of 5.29 (Ϯ1.33) mmol/L and 3.19 (Ϯ1.30) mmol/L in the 18 family members without mutations in the PCSK9 gene (both PϽ0.05). Thus, lower values for total serum cholesterol and LDL cholesterol of 12% and 21%, respectively, were found among the PCSK9 heterozygous family members.
To determine the prevalence of the missense mutations R46L, G106R, N157K, and R237W in the general population, 100 healthy adult individuals with values for total serum cholesterol between 4.5 mmol/L and 6.5 mmol/L were screened for the 4 mutations. The mean age of these subjects was 37.0 years and levels of total serum cholesterol and LDL cholesterol were 5.06 (Ϯ0.92) mmol/L and 3.2 (Ϯ0.81) mmol/L, respectively. Three subjects heterozygous for the R46L mutation were identified in this group of patients. No one possessed any of the 3 other mutations.
Haplotypes of the PCSK9 Mutation-Carrying Alleles
Haplotypes at the PCSK9 locus were constructed by the use of 17 polymorphic markers within the PCSK9 gene to identify the haplotypes of the mutation-bearing alleles (Table, available online at http://atvb.ahajournals.org). The R46L mutation was on 3 different haplotypes in the 4 families studied, whereas the N157K mutation was on the same haplotype in the 2 families with the N157K mutation.
Discussion
In this study, we have found that in a group of 38 healthy unrelated subjects aged 41 to 49 with fasting values for total serum cholesterol Ͻ4 mmol/L, 15.8% (6/38) were heterozygous for a missense mutation in the PCSK9 gene. Four of the hypocholesterolemic subjects were heterozygous for R46L, 1 was heterozygous for R237W, and 1 was heterozygous for the novel mutation G106R. We also found that in 2 groups of 9 and 25 FH heterozygotes who responded particularly well to statin therapy, 22.2% (2/9) and 4.0% (1/25), respectively, were heterozygous for either R46L or N157K. None of the mutations R46L, G106R, N157K, and R237W was identified in a group of 441 severely hypercholesterolemic subjects. These data indicate that mutations R46L, G106R, N157K, and R237W may disrupt the normal function of PCSK9 and cause hypocholesterolemia and possibly an increased response to statin therapy.
The failure to detect a clear-cut cosegregation pattern with hypocholesterolemia in most of the families may be because of the fact that levels of serum cholesterol are influenced by environmental factors and genetic factors other than the PCSK9 gene. Moreover, there is an inherent difficulty in identifying a trait that is characterized by half-normal levels of LDL cholesterol as compared with a trait that is charac- Age-and gender-specific values for total serum cholesterol and LDL cholesterol were only available for subjects aged 18 years old and older. The proband is indicated by an arrow. Lipid levels and age of the hypercholesterolemic subjects were recorded before lipidlowering drugs were started.
terized by a doubling of the levels of LDL cholesterol, as is the case in FH. It should also be noticed that compared with the levels of serum cholesterol in the Norwegian population, the noncarriers in the families studied had relatively low levels of total serum cholesterol and LDL cholesterol. Nevertheless, among family members without FH, significantly lower levels of total serum cholesterol and LDL cholesterol of 12% and 21%, respectively, were found in family members who were carriers of mutations in the PCSK9 gene as compared with family members who were noncarriers. These findings are similar to those of Cohen et al, 8 who found a broad range of levels of LDL cholesterol in carriers of 2 nonsense mutations in the PCSK9 gene.
Both the R46L 10 and R237W 4 mutations have previously been reported in normocholesterolemic individuals. Therefore, they have been considered normal genetic variants. However, lipid values were not reported in any of the 2 studies. In the French population, R46L was found in 2.2% of normocholesterolemic subjects 10 but was not found in a group of 130 French subjects with autosomal-dominant hypercholesterolemia. 21 These findings support the notion that R46L causes hypocholesterolemia. From our study and from previously published reports, R46L, G106R, N157K, and R237W have not been identified in a total of 621 hypercholesterolemic subjects 10, 13, 21, 22 but are common in hypocholesterolemic subjects, as shown in our study.
Benjannet et al 4 have performed studies on the autocatalytic activity of mutations N157K and R237W. They found that the autocatalytic cleavage of PCSK9 was unaffected by both mutations. In contrast, they found that mutations S127R and D374Y in the PCSK9 gene that causes hypercholesterolemia through a "gain-of-function" mechanism had reduced autocatalytic activity. 4 That the N157K and D374Y mutations have opposite effects on the autocatalytic activity was illustrated by the normalization of the autocatalytic activity of D374Y mutation when the mutant allele also harbored the N157K mutation. 4 Our results also indicate that mutations R46L and N157K in the PCSK9 gene, which are associated with hypocholesterolemia, may increase the response to statin therapy. These data are in agreement with the effect of statin therapy in PCSK9 knockout mice. 9 The FH heterozygous proband in family 0465, who was heterozygous for the N804K mutation in the LDLR gene and heterozygous for the N157K mutation in the PCSK9 gene, had a 51% reduction in total serum cholesterol on atorvastatin 10 mg. Usually a reduction in total serum cholesterol of 27% to 31% is observed on atorvastatin 10 mg. 20, 23, 24 Her FH heterozygous brother who did not carry the N157K mutation (subject II:5) had a reduction in total serum cholesterol of 38% on a statin dose that is equipotent to atorvastatin 40 mg. Reductions in total serum cholesterol of 54% and 67% in the 2 FH heterozygotes carrying mutation R46L in the PCSK9 gene on simvastatin 40 mg and atorvastatin 80 mg, respectively, are also greater than commonly observed. Usually a reduction in total serum cholesterol of 25% to 30% is observed on simvastatin 40 mg, 20,23 and a reduction of 40% to 42% is observed on atorvastatin 80 mg. 20, 24 Even though the small sample size makes it impossible to draw firm conclusions, it may appear that FH heterozygotes who are PCSK9 mutation carriers may have almost twice the normal reduction in total serum cholesterol on statin therapy. However, further studies are needed to firmly establish that carriers of mutations in the PCSK9 gene are hyper-responders to statin therapy.
If "loss-of-function" mutations R46L and N157K increase the response to statin therapy, "gain-of-function" mutations could have the opposite effect. The finding of Naoumova et al 25 agrees with this hypothesis. They found a particularly severe phenotype in patients heterozygous for the "gain-offunction" mutation D374Y. Moreover, these patients needed both high doses and combinations of lipid-lowering drugs to achieve substantial reductions in levels of total serum cholesterol. 25 The finding that the R46L mutation resided on 3 different haplotypes was surprising. Because the mutation does not involve a cytosine of a CpG dinucleotide that is a hot spot for mutations, 26 recombination events most likely have occurred in the 3Ј part of the gene. This finding, together with the high frequency of R46L, might indicate that the mutation is very old.
Cohen et al 8 reported the presence of nonsense mutations in the PCSK9 gene among blacks with low levels of LDL cholesterol. We could not identify any nonsense mutations in our group of individuals with low levels of total serum cholesterol and LDL cholesterol, and our study is the first to our knowledge to identify missense mutations in the PCSK9 gene associated with hypocholesterolemia. However, studies to determine the mechanisms by which these mutations might disrupt the normal function of PCSK9 are needed to firmly establish that mutations R46L, G106R, N107K, and R237W lead to both hypocholesterolemia and increased response to statin therapy.
